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INTRODUCTION 
It is well known that living cells which are subjected to the effects of 
x-rays will have those effects increased if irradiated in the presence of 
certain compounds, as salts, dyes, and stains.  EUinger and Galas (1) 
found the effects of x-rays to be greatly increased by the presence of 
thorium  salts.  Ghilarducci  and  Milani  (2)  and  Baldwin  (3)  have 
reported that the presence of fluorescent dyes enhances the effect of 
x-rays on a  variety of living cells.  Anderson  (4)  has reported that 
putting  afflicted animals on  a  high salt  diet increases the  suscepti- 
bility of their tumors to x-rays, while Sperti and Norris  (5)  claim a 
similar effect  on transplantable tumors in the presence of caesium iodide 
and x-rays. 
Norris (6) has shown the effect to be truly synergistic, in that when 
bacteria are irradiated by x-rays in the presence of salt solutions, the 
effects are greater than when the bacteria are subjected to x-rays and 
salt  solution  successively.  Norris  also  suggests  the  possibility  of 
obtaining still greater lethal effects by using a wave length of x-rays 
corresponding to one of the deeper energy levels in the molecule of 
salt used, such as the K  level of the metallic ion.  If this be possible, 
the  synergistic effects can  be  related  directly to  the  absorption  of 
x-rays by the salt dissolved in the water suspension of bacteria, for 
sharp  breaks  appear  in  the  curves  for x-ray absorption  in  various 
substances, these breaks occurring when the wave length of the x-rays 
absorbed is such as to have a  quantum energy exactly equal to the 
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K,  L,  etc., energy levels in the absorbing atom.  Other work, notably 
that of Hanson and Heys (7) on mutations in  Drosophila,  shows a very 
close relation between the effects of x-radiation and its absorption in 
the  surrounding  medium. 
The present  research was undertaken  with  the  view to  determine 
whether  or  not  there  does  exist  this  predicted  relation  between  the 
bactericidal  effect of x-rays, and  the  absorption of the  x-rays in  the 
medium suspending the bacteria; and if the predicted relation does not 
exist, to determine some of the facts connecting synergistic bactericidal 
effects, wave lengths of incident  x-rays, and their absorptions in  the 
sensitizing  media. 
Theoretical 
In order to reduce results to a strictly quantitative basis,  essentially the same 
method of calculating the number of x-ray quantum hits per bacterium per minute 
is used as was suggested by Condon and TerriU (8).  Suppose in a bacterial suspen- 
sion, the absorption of one quantum by a bacterium is sufficient to kill it.  Let A0 
be the original concentration of bacteria.  The change with time in the number 
killed, n, in a layer dx thick at a depth, x, will be proportional to the concentration 
of living bacteria at time, t, and to the intensity, I, of the x-rays at that depth, so 
that 
dn/dt  dx  =  a(Ao  --  n)  I  dx  (1) 
ot is the proportionality constant.  Now by the usual absorption law 
I  =  _roe  -v* 
where  I0 is the incident intensity of x-rays, and/z is the absorption coefficient. 
Hence in a layer D cm.  thick 
So  °  So  ° 
dn/dt  dx  --  o~(Ao --  n)  Io  e -~  dx  (2) 
an~at  =  ~(,4o  -  n)  ~o(1  -  ~-~D)/.D  (3) 
Let 
Then 
.'  =  Io  ,~(t  -  ,-"°)A,D  (4) 
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and upon integrating, we obtain 
(Ao  --  n)/Ao  =  e -'t  (6) 
where  (Ao  -  n)/Ao  is the fraction surviving after  irradiation for a  time t. 
Suppose, however, that  two hits are required to kill, and let N  be the number 
killed (or hit twice).  Then 
From  (6) 
Hence 
or 
dN/dt  dx  =  a(n  --  N)  I  dx 
n  =  Ao (1  -- e -a'`) 
dN/dt  =  a'(n -- N) 
=  a'A0  (1  --  e -a't)  --  a'N 
aN~dr +  ~'N  =  ~'Ao  (1  --  e -"'t) 
which is an ordinary linear differential equation of the form 
dy/dt  -k-  Py  =  O 
having the solution 
(7) 
(s) 
-s~at(~ lear  )  y  =  e  Q  q- C  (9) 
Solving (8)  thus,  we obtain the surviving fraction as 
(Ao  --  N)/Ao  =  e-'*'t  (I  q- a't)  (I0) 
Similarly,  it  may  be  shown  that  if  r  hits  are  required  to  kill,  the  surviving 
fraction will be given by 
(Ao --  R)/Ao =  e  -'et [1 -]- a't +  (a't)'/2I q- (a't)"/3I  +  ....  +  (a't) r -  1/(r -- 1)!] (11) 
This expression is the same as that  developed by Condon and Terrill (8) and 
Wyckoff and Rivers (9) on the basis of probability theory.  It is to be remembered, 
however, that the a' determined from the experimental curves is proportional to 
both I0 and (1  -  e-~D)/#D,  so that  if I0 remains constant, observed values must 
be divided by the "shielding constant," K, where 
K  =  (1  --  e-~'D)/#D  (12) 
in order  to  obtain a  comparable  number of effective  hits  per  bacterium  per 
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Apparatus  and  Method 
A  tungsten target x-ray tube was used, permanently connected to a  mercury 
vapor high vacuum system.  The plane of the target was set symmetrically with 
respect to the horizontal and vertical directions, so that ionization measurements 
might be made on the horizontal portion of the x-ray beam, while bacteria were 
being irradiated with the vertical portion, of quality similar to that of the hori- 
zontal.  Ionization measurements  were  made  by means  of an  open  ionization 
chamber through which passed a  narrow pencil of x=rays direct from the target. 
A short lead connected the electrode inside the chamber to a gold leaf electroscope 
directly above the chamber.  Measurement of absorption coefficients was made 
by interposing in the beam a  filter having parallel sides composed of thin cover- 
slips 0.63 cm. apart.  Intensity of the beam passing through this empty filter was 
measured by observing the time of fall of the  gold leaf across the scale in  the 
eyepiece of the observing telescope.  The filter was then filled with the solution 
under investigation, and the intensity of the beam passing through this  thickness 
of liquid was observed.  The ratio of these intensities gave I/Io in the absorption 
equation 
I/Io  =  e  -°'63~  (13) 
from which the absorption coefficient/zcould  be calculated for use in equation (12). 
24 hour cultures of B. cull were washed from their agar slants with distilled 
water, filtered, and the suspension diluted to give approximately 2000  bacteria 
per cc. surviving after 30 minutes, the final dilution being in salt solution of the 
desired concentration.  A  series of five Syracuse watch-glasses, 2 cm. diameter, 
were filled with this suspension to a  depth of 0.6 cm.  (D of equation (12)), and 
covered with cover-slips 0.2 ram. in thickness.  One dish was retained as a control, 
while the others were placed 14 inches beneath the target of the x-ray tube.  The 
dishes were rotated so that all would be equally irradiated, and one was removed 
from the group at the end of each 5 or 10 minute interval.  When all had been 
irradiated, 1 cc. of suspension was drawn from each dish and placed in test-tubes 
containing 5 cc. of distilled water, giving suspensions of approximately 350 bac- 
teria per cc.  These suspensions were plated in quadruplicate, being plated in 
order, then reverse order, and repeat.  This method negated the lethal effects of 
strong salt solutions with passage of time during the plating process.  The plates 
were incubated 24  to 48 hours,  counted, and the percentages of surviving bac- 
teria determined.  Three such  sets were generally made for each solution,  the 
surviving percentages averaged, and plotted against time of irradiation. 
Peculiarly enough, the preponderance of data was definitely in favor of curves 
of the two-hit type, having the equation 
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whereas Wyckoff and Rivers (9) obtained curves of the one-hit type.  t  From these 
curves, a' was calculated for each point, all values averaged, and the average a' 
divided by the shielding constant of equation (12)  to obtain a.  Each value of a 
given in the tables is thus  the result of counts on  some  15,000  bacteria.  The 
probable error in  a', in general, is about 5  per cent or less.  (Illustrative data 
are given in Table I.) 
The number of effective hits per bacterium per minute, a, was determined for 
B. coli in distilled water and in 10 -1"°4 molar solutions of KBr, Sr (NO3)2, Ba(NOs)~, 
and Pb(NO3)2.  Nitrates were chosen so that the negative ion would possess an 
absorption coefficient negligible with respect to  that of the positive ion.  (The 
presence here of KBr is incidental to the experiments of Table III.)  Results are 
given in Table II.  a was also determined for various concentrations of Pb(NO3)~ 
and KBr.  Because of the high toxicity of heavy metal salts, concentrations of 
Pb(NOa)2 greater than tenth molar were not practical, but KBr could be used in 
much greater concentrations.  Results are given in Table III.  The approximate 
initial toxicities of the salt solutions used are also given in these two tables. 
In these experiments, the voltage on the x-ray tube was such as to give, with 
an aluminum filter 0.033  cm.  thick in the beam, an  "effective wave length" of 
(atomic absorption coefficient in lead corresponding to)  0.45  A.  The tube was 
operated at 10 ma., working distance 14 inches from the target. 
In another set of experiments, 10 -1'°4 molar Pb(N(h)2 and 10  °'s° molar KBr were 
used with varying hardness of x-rays.  In one case, the voltage on the x-ray tube 
was just sufficient to give a working intensity of radiation at 10 ma., with no filter 
in the beam.  In another case, the voltage was stepped up as high as possible, and a 
filter of 0.175 cm. of aluminum used in the beam to absorb the softer constituents. 
Because it was impractical to obtain equal intensities for all qualities of radiation, 
and in order to make the values comparable, a was determined for B. coli in dis- 
tilled water for each voltage, and the a's for Pb(NO3)2 and KBr brought to a com- 
mon basis by proportion.  The results of these experiments are shown in Table IV. 
Absorption coefficients were  determined  for  all  solutions used,  and  intensities 
were checked by ionization measurements from time to time during the experi- 
ments to make sure that no variation was taking place. 
1 The only obvious experimental difference is that the bacteria of this experiment 
were irradiated, then plated, while those of Wyckoff's experiment were plated, then 
irradiated.  This difference in experimental procedure, however, hardly seems to 
offer an adequate explanation for the difference in type of curve obtained, and 
suggests that some factor other than radiation may be operative, as for example 
the distribution of sensitivity in the bacterial population, which varies with the 
age of the culture.  Thus  some doubt may be thrown upon the identification of a' 
with the number of effective hits per bacterium  per minute, but because a' is a 
constant for a given set of conditions of irradiation, and not a function of time (as 
is survival), it is a convenient quantity to use for the comparison of effects, what- 
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EXPERIMENTAL  RESULTS 
Experimental data  and  calculated  results  are  shown in  Tables I 
to IV. 
TABLE  I 
Samples of Original Data Illustrating the Determination  of the Number of Effective 
Hits per Bacterium per Minute 
B. co~ 
suspended in 
Distilled water 
Time of irradiation 
m/n. 
5 
10 
15 
20 
Survival ( A / Ao) 
average for three 
determinations 
~er ce~t 
94.8 
82.6 
70.2 
59.3 
a t calculated from 
one-hit equation 
A/Ao =  e  -~'t 
0.011 
0.019 
0.024 
0.026 
tz' calculated from 
two-hlt equation 
A/Ao = e  -~'t 
(1 +  ~'t) 
0.071 
0.075 
0.073 
0.070 
Mean .........................................................  0.072  4-0.001 
10-1.o4 ~r  5  95.0  0.010  0.068 
10  84.3  0.017  0.070 
Ba(NO~)2  15  74.2  0.020  0.065 
20  63.0  0. 023  0.064 
Mean .........................................................  0.067  4-0.001 
10-1.o4 x¢  5  86.2  0.030  0.129 
10  63.2  0.046  0.129 
Pb(NOs)2  15  39.5  0. 062  0.136 
20  31.9  0.057  0.118 
Mean .........................................................  0.129  4-0.002 
TABLE  II 
Effects  of X-Rays  on  B.  coli  in  Various  Solutions 
Tube operated at medium voltage.  10 ma., filter:  0.033  era.  AI. 
K  (equation i  a'  tx'/K  Solution  Initial toxicity  D  (12))  ~  = 
H20 
10  -1'°4 M KBr 
10-1.04 x, Sr(NOs)2 
10-k04 ~s Ba(NOa)~ 
I0  -I'°4 ~  Pb(NOa)2 
per cent 
0.0 
0.0 
0 
0 
'0 
0.80 
0.99 
1.07 
1.15 
1.65 
0.80 
0.75 
0.74 
0.72 
0.63 
0.072 
0. 067 
0. 067 
0. 067 
0.129 
0. 090 
0.090 
0.091 
0.093 
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TABLE  HI 
Effects~X-RaysonB. coliinPb(NOs)~andKBrSol~ions~VariousConcen~ations 
Tubeoperated  at medium voltage,  10 ma.,filter:  0.033cm.  A1. 
K  (equation  at  ot  ~  al/K  Solution  Initial toxicity  #  (12 ) ) 
10  -1'°4 ~  Pb(NOs)2 
10  -m° ~  Pb(NOs)2 
10  -~'°4 M Pb(NOs)2 
10  -3"°4 xt Pb(NOs)2 
10  -¢0 M Pb(NOs), 
100.56 ~  KBr 
l0  s's° M KBr 
10  °.°° M KBr 
10  -1.°4 ~t KBr 
10  -~° r~ KBr 
90 
8O 
25 
10 
0.0 
50 
15 
5 
0.0 
0.0 
1.65 
1.27 
0.89 
0.81 
0.80 
8.70 
5.10 
2.90 
0.99 
0.80 
0.63 
0.70 
0.77 
0.79 
0.80 
0.19 
0.31 
0.47 
0.75 
0.80 
0.129 
0.102 
0.079 
0.074 
0.072 
0.178 
0.109 
0.093 
0.067 
0.072 
0.205 
0.146 
0.103 
0.094 
0.090 
0.937 
0.352 
0.200 
0.090 
0.090 
TABLE  IV 
Effect of Changing Hardness of X-Rays on B. coli in Salt Solutions 
Solution 
H~O 
10  -Ls ~  Pb(NOs)2 
10  °.~ M KBr 
H20 
10-1.3 ~r Pb(NOs)2 
10o.a ~r KBr 
H20 
10  -1.3 M Pb(NOs), 
10  o.3 M KBr 
#* 
1.18 
2.00 
8.08 
~t 
0.80 
1.27 
5.10 
0.48 
0.93 
3.56 
K  (equation 
(i2)) 
0.72 
0.58 
0.20 
0.80 
0.70 
0.31 
0.87 
0.77 
0.41 
a ! 
0.082 
0.082 
0.075 
0.072 
0.102 
"0.109 
0.060 
0.089 
0.133 
=  ~'/K 
0.114 
0.141 
0.375 
0.090 
0.146 
0.352 
0.069 
0.116 
0.324 
adjusted  to 
basis of 0.090 
for water 
0.090 
0.111 
0.296 
0.090 
0.146 
0.352 
0.090 
0.151 
0.423 
* Low voltage,  10 ma., no filter in beam. 
t  Medium  voltage,  10 ma., filter:  0.033  cm. A1. 
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Fig. 1 shows the data of Table II in graphical form, with a plotted against p. 
A very similar  curve is obtained if a  be plotted against the molecular weight of 
the various  salts,  or (in  the  case  of  the  nitrates) against  the  atomic number 
of the positive ion.  Fig.  2  shows  the data of Table III plotted as a  against 
log molarity, while  Fig.  3  shows  o~ plotted against  log p,  for both  Pb(NOs)2 
and KBr. 
DISCUSSION  AND  CONCLUSIONS 
Figs.  1, 2, and 3 do not lend themselves readily to the formation of 
any quantitative law, except at low concentrations, where there seems 
0.20 
O.l~ 
c~ 
010  H~O  K 7- 
0  !  !  f  ,I  I  !  I  I  I 
0.8  1.0  1.2  1.4  1.5  /Z 
FIG. 1.  Number of effective hits per minute per bacterium as a function of the 
absorption coefficients of 10 -1"°4 molar concentrations of various salts. 
to be a linear relation between a and #.  They indicate very definitely, 
however, that some fairly high value of the absorption coefficient must 
be reached before there is any great increase in the effect of x-rays 
when used in conjunction with x-ray fluorescent salts.  In fact, as an 
inspection of the values of a' in Table II will show, the actual number 
of hits per bacterium per minute in some salt solutions is less than in 
water,  due  to  the  shielding  effect of the  salt.  Only in  the  case  of WALTER  D.  CLAUS  343 
10 -1"°4 molar  Pb(NOs),  with  a  relatively  high  value  of  /~  does  the 
synergistic effect become sufficiently great to overcome the shielding 
effect.  (It  would  be  very desirable  to  have  another  point  on  the 
curve between Ba(NOs)2 and Pb(NOs)~, but no salt could be found in 
this region which was not entirely lethal at a  concentration of 10 -1"°4 
molar.)  This sharp upward trend in a  as/z increases is again in evi- 
dence with increasing concentrations of Pb(NOa)~ and KBr, but occurs 
0.9 
0,6 
P (NoA 
0.3 
/ 
/ 
/ 
mo 
I  t  ! 
-3.0  -~.0  -1.0  0  log rI 
FIG. 2.  Change in the number of effective hits per minute per bacterium with 
increasing concentrations of Pb(NOs)2 and KBr; ot plotted  as a function of log 
molarity. 
at  widely separated  values of #  for  the  two  salts.  Let  us  call  the 
difference between a for salt solutions and a  for water, As.  Then Aa 
must be not only a function of #, but also of the nature of the sensitizer, 
with lead and presumably other heavy salts being relatively much more 
efficient.  It  is  entirely  conceivable,  however,  that  elements  might 
exist with low absorption and high  synergistic effect, and vice versa, 
and data from the restricted group here studied are not sufficient to 
prove the contrary.  The principal object to be attained by the use of 344  LETHAL  EFFECTS  OF  X-RAYS  ON  BACILLUS  COLI 
sensitizers  is to increase  the  amount  of energy absorbed within  the 
cells, or some special part of the cells, and the effectiveness of the sensi- 
tizer will vary with this factor.  For this reason it may be of consider- 
able importance whether or not the sensitizer penetrates into the cell, 
or possibly becomes located in some particular part of the cell in high 
concentration.  It may be that  the initial  toxicity of the  salt  gives 
some measure  of this  penetration,  even for the  cells which  survive. 
Q9 
0. 
0.3 
..~o ,I 
I  T  1  I  I  I  I 
0  0.2  0.4  0.6  0.8  Jog 
FIG. 3.  Number  of effective hits  per minute  per bacterium,  a,  plotted  as a 
function of the log of the absorption coefficient, #, for increasing concentrations of 
Pb(NO3)2 and KBr. 
Then, there is to be considered the possible secondary chemical effects 
of the  sensitizing  salts.  The  same .primary  injury produced by the 
absorption of x-ray quanta or  photoelectrons might lead to different 
results in the  presence, for example, of potassium,  calcium, and lead, 
due to their chemical effects on protoplasm. 
Results of the experiment with various qualities of radiation  (Table 
IV) present what at first seems to be a surprising situation in that, for WALTER.  D.  CLAUS  345 
both Pb(NO3)2  and KBr,  the number of  effective hits,  a,  decreases 
as the absorption coefficient  # increases, in a manner contrary to expec- 
tations based on the two previous experiments.  Obviously, however, 
a change in absorption due to a change in wave length would involve a 
wholly different set of subatomic phenomena tha  n a change in absorp- 
tion due to a change in concentration of sensitizer.  The experimental 
result is, moreover, qualitatively in accord with the findings of Wyckoff 
(10),  who obtained larger  "sensitive volumes"  (or greater ratios of 
effective hits to total absorptions) for shorter wave lengths.  That is, 
the number of effective hits as determined from survival curves is less 
than the number of quantum absorptions as calculated from the num- 
ber of incident quanta, the size of the organisms, and the absorption 
coefficient of  protoplasm.  For  B.  coli,  Wyckoff found  the  lethal 
efficiency of x-ray absorptions to be of the order of 20 per cent, and 
that the efficiency increases with decreasing wave length.  A possible 
explanation  of  this  phenomenon  is  that  when  the  cells  occupy  a 
relatively  small  fraction of  the total volume  irradiated,  the longer 
ionization tracks produced by the photoelectrons of larger quanta have 
a better chance of being included in the sensitive volumes of the cells, 
and thus lead to a  greater efficiency of the radiation.  In fact, one 
would expect on this basis, that the efficiency would be proportional 
to  the  square  of the energy of the ejected photoelectrons, but  un- 
fortunately this possibility cannot be checked numerically from the 
data of this paper, because general rather than monochromatic radia- 
tion has been used.  Thus, a becomes a function also of wave length, 
),, in such a  way that the decrease of/~a with increasing k more than 
outweighs the effect of an increasing #.  Data from physical tables 
show that for a given substance,/z increases as the cube of k  (within 
limits of ~); hence z~a must be a function of ~ to some power greater 
than the cube, as well as being a function of the nature of the salt. 
The above discussion may furnish another clew to the explanation of 
the observed increase of c~ as heavier salts are used.  With a hetero- 
geneous beam such as was used in this experiment, the softer rays are 
absorbed before the harder ones, but as # increases, as for Pb(NO3)2, 
a  larger proportion of hard  (and hence more efficient) rays are ab- 
sorbed, giving the effect of efficiency increasing more rapidly than the 
absorption  coefficient.  Here  again,  the  hypothesis  could  only  be 346  LETHAL  EFFECTS  OF X-RAYS  ON  BACILLUS  COLI 
tested by the use of monochromatic x-rays, a test not so easy to make 
because of the difficulty of obtaining monochromatic rays in sufficient 
intensity. 
The limited data of Table IV (last column) show that while a is the 
same for water for all wave lengths, it is considerably greater when the 
sensitizers are used, and especially greater for the shorter wave lengths. 
Thus, when used in conjunction with sensitizers, the shorter and more 
practical rays are also the more efficacious, despite the shielding effects 
of the sensitizers and the smaller/z of the solutions for the shorter 
wave lengths.  From  a  practical  point  of view,  this  phase  of  the 
problem might profitably bear a more extended investigation. 
In conclusion, the author wishes to express his thanks and apprecia- 
tion  to  Prof.  S.  C.  Brooks for suggesting the problem,  and for his 
continued interest and help during the progress of the work; to Dr. 
M. M. Brooks for her interest and many suggestions; and to Mrs. W. 
D. Claus for her faithful assistance in the laborious task of plating and 
counting bacteria. 
SL~rM  ~kRY 
1.  When B. coli are irradiated by x-rays in a series of salt solutions 
of tenth molar concentration, the synergistic effect does not become 
appreciable until heavy salts are used. 
2.  When Pb(NO3), or KBr solutions are used in increasing concen- 
trations, the synergistic effect is not appreciable until large concentra- 
tions  or  absorption  coefficients are  reached,  whereupon  the  effect 
increases sharply.  Thus the number of effective hits per bacterium 
per minute, a, is a function of the absorption coefficient,/z. 
3.  The sharp increase in a does not occur at the same concentration, 
or same #,  for Pb(NO3), and for KBr.  Thus a  is a  function of the 
nature of the salt, or possibly of the penetration of the salt into the 
cell, some measure of which may be obtained from the initial toxicity 
of the solution. 
4.  For a given solution,  a  increases as the wave length X of the x- 
rays decreases, although/z decreases by the same process as the cube 
of ),.  Thus a is a function of X to some power greater than the cube. 
5.  A possible mechanism whereby the synergistic effect takes place WALTER D.  CLAUS  347 
is discussed briefly, as is the possibility that the heterogeneity of the 
x-rays accounts for all or part of the increased bactericidal effect of 
the rays in the presence of heavy metal salts. 
6.  Results indicate that within the range investigated, short wave 
lengths of x-rays, in conjunction with  sensitizers, are the more effica- 
cious in producing lethal effects. 
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